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Titanium	 is	 commonly	 added	 to	 nickel	 superalloys	 but	 has	 a	 well-documented	 detrimental	 effect	 on	
oxidation	resistance.	The	present	work	constitutes	the	first	atomistic-scale	quantitative	measurements	of	






Ni-based	 superalloys	 can	 be	 exposed	 to	 temperatures	 approaching	 75%	of	 the	melting	 point	 in	 service,	
causing	 formation	 of	 oxide	 scales	 [1].	 This	 oxidation	 causes	 both	 material	 loss	 (spallation)	 and	 the	
deterioration	 of	 the	 mechanical	 properties	 through	 the	 depletion	 of	 alloying	 elements	 in	 the	 oxide-
affected	 zone	 [2,3].	Ni-based	 superalloys	have	outstanding	oxidation	 resistance	due	 to	 the	 formation	of	
scales	 of	 Cr2O3	 or	 Al2O3,	 which	 passivate	 the	 surface	 preventing	 further	 oxidation	 [4].	 However,	 the	
oxidation	of	such	complex,	multi-component	alloys	can	be	strongly	influenced	by	minor	alloying	addition,	






as	Atom	Probe	Tomography	 (APT)	have	 the	 spatial	 and	chemical	 resolution	 required	 to	 characterise	 the	
oxide	 scales	 and	 grain	 boundaries	 within	 them.	 Recent	 studies	 performed	 using	 high-resolution	
characterisation	 techniques	 have	 shown	 that	 thermally	 grown	 oxides	 are	 nano-crystalline	 and	 contain	
nano-scale	 phases	 which	 cannot	 be	 detected	 using	 low	 resolution	 characterisation	 techniques	 such	 as	
SEM-EDX	and	XRD,	or	bulk	techniques	like	EXAFS	[13–19].	Nano-sized	grains	have	higher	surface-to-volume	
ratios,	therefore	due	to	the	extensive	amount	of	grain	boundary	area,	grain	boundary	diffusion	is	expected	
to	 be	 dominant.	 In	 the	 present	 study,	 the	 surface	 oxide	 scale	 on	 superalloy	 RR1000	was	 characterised	
using	 high-resolution	 techniques	 for	 the	 first	 time,	 giving	 new	 insights	 in	 the	 oxidation	 mechanisms	
operating	in	the	alloy.	
	
The	 oxidation	 behaviour	 of	 alloy	 RR1000	 was	 studied	 previously	 [7,9–11]	 using	 Thermo-Gravimetric	
Analysis	 (TGA),	 Scanning	 Electron	Microscopy	 coupled	with	 Energy	 Dispersive	 X-ray	 spectroscopy	 (SEM-
EDX)	and	X-ray	diffraction	 (XRD),	 the	oxide	scale	 formed	on	RR1000	was	assessed	after	air	exposures	at	
800°C	 for	up	 to	5000	hours	 [8].	The	surface	oxide	scale	was	Ti-doped	chromia	with	 rutile	 forming	on	 its	
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outer	surface.	This	study	reported	sub-parabolic	 thickening	kinetics	 for	 the	Ti-doped	chromia	scale,	with	
initial	 rates	 ~2	 orders	 of	 magnitude	 higher	 than	 that	 of	 undoped	 (Ti-free)	 chromia.	 The	 suggested	
interpretation	was	that	the	Ti	in	solid	solution	acted	as	a	higher-valence	dopant	(Ti4+,	which	substituted	for	




fine	 structures	 (EXAFS)	 that	Ti	 is	present	as	Ti4+	 ions,	and	 that	 these	 substitute	predominantly	on	 the	Cr	
lattice	site,	creating	an	excess	of	Cr	vacancies	[20].	Cruchley	et	al.	[8]	also	commented	that	the	enhanced	




oxide	has	yet	 to	be	analysed.	 	Given	the	 importance	of	 the	relative	contributions	of	grain	boundary	and	
bulk	 diffusion	 across	 the	 oxide	 scale	 caused	 by	 Ti	 doping,	 high-resolution	 characterisation	 studies	 are	
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identified	 as	 part	 of	 the	 oxide	 scale,	with	 a	 discontinuous	 layer	 containing	 elongated	 intergranular	 and	
intragranular	 alumina	 particles	 directly	 underneath.	 From	 SEM-EDX	 alone,	 the	 difference	 between	 the	
grain	boundary	and	bulk	Ti	content	within	the	chromia	scale	cannot	be	observed.	The	oxide	scale	thickness	
and	alumina	“finger”	depth	were	measured	 from	SEM	micrographs.	Five	measurements	per	 image	were	






beam	damage	 through	 the	 in-situ	deposition	of	a	Pt	 layer,	before	a	wedge-shaped	cantilever	beam	was	
extracted	 using	 an	 omniprobe	 micromanipulator.	 The	 cantilever	 was	 sectioned	 and	 mounted	 onto	 the	
silicon	 coupon	 using	 Pt	welds.	 The	 samples	were	 then	 sharpened	 until	 tips	were	 <100	 nm	 in	 diameter.	
Samples	were	inserted	in	a	Cameca	Local	Electrode	Atom	Probe	(LEAP)	5000	XR	and	analysed	using	a	UV	
laser	with	 300	 pJ	 of	 energy,	with	 a	 pulse	 frequency	 of	 200	 kHz	 and	 a	 stage	 temperature	 of	 55	 K.	 Two	










profile	 across	 the	 grain	 boundary,	 highlighting	 the	 increase	 in	 Ti	 concentration	 and	 relative	 oxygen	


















stoichiometry,	analysis	conditions	and	peak	overlap	deconvolution	 is	available	 in	other	publications	 [21].	
The	presence	of	rutile	in	the	oxide	scale	was	confirmed	through	XRD	(see	supplementary	information)	and	
for	 further	 analyses	 the	 oxide	 composition	 was	 accurately	 measured	 by	 using	 isotopic	 abundances	 to	
deconvolute	the	contribution	of	TiO	and	O2	to	the	peak.		
	
It	 is	 reported	 in	the	 literature	that	at	high	oxygen	partial	pressure	(PO2),	>	10-5	atm,	Cr2O3	is	a	known	p-
type	semiconductor	 with	 electron	 holes	 and	 chromium	vacancies	 as	 the	 dominant	 defects	 [22].	 This	
behaviour	will	be	dominant	close	to	the	oxide	surface,	in	direct	contact	with	air.	At	intermediate	PO2,	~10-5	
–	 10-14	 atm,	 	Cr2O3	 behaves	 as	 an	 intrinsic	 semiconductor	 with	 electrons	and	 electron	 holes	 being	 the	




dependent	 on	 the	 ionic	 conductivity,	which,	 in	 turn,	 changes	 depending	 on	 the	 oxygen	 partial	 pressure	
[23,24].	Doping	with	ions	of	different	valence	states	can	change	the	ionic	conductivity	regime	of	the	oxide	
scale,	therefore	affecting	its	growth	mechanism	[25].	This	was	shown	previously	by	Holt	and	Kofstad	[25]	in	
the	 case	 of	Mg	 (II)	 doped	 Cr2O3	 at	 different	 PO2.	 Similarly,	α-alumina,	 which	 grows	 at	 very	 low	 partial	
pressure	 underneath	 the	 chromia	 scale,	 is	 an	 n-type	 ionic	 conductor	 and	 grows	 through	 the	 inward	
diffusion	of	negatively	 charged	O2-	 ions	 towards	 the	oxide/metal	 interface	 [26].	 Table	2	 summarises	 the	
preferred	relative	valence	of	each	cation	if	they	were	found	in	solid	solution	in	p-type	Cr2O3	(towards	the	
outer	surface).	All	values	of	preferred	cation	valence	are	taken	from	the	literature,	taking	into	account	the	
conditions	 of	 the	 present	 experimental	 setup.	 Samples	 were	 oxidised	 for	 500	 hours,	 which	 will	 have	
enabled	the	formation	of	stable	oxides	eliminating	potential	kinetic	effects.	The	metastable	 initial	oxides	
that	 formed	 are	 shown	 in	 the	 XRD	 experiment	 available	 as	 supplementary	 information.	 The	 predicted	
effect	 of	 each	 cation	 in	 solid	 solution	 on	 the	 relative	 oxidation	 rate	 is	 based	 on	 the	 assumption	 of	
electroneutrality.	The	relative	 increase	of	positive	cations	will	have	to	be	compensated	by	 the	 increased	
uptake	of	negatively	charged	defects,	leading	to	faster	diffusion	of	ions,	through	the	oxide	scale.	
	
Cation	valence	 2	 3	 4	 5	
Stable	oxides	[1]	
NiO	[24]	 Al2O3	[25]	 SiO2	[27]	 Ta2O5	[26]	
		 Cr2O3	[27]	 TiO2	[7]	 		
Effective	Valence	of	substitutional	solutes	in	p-type	
Cr2O3	
-1	 0	 1	 2	














Critically,	 as	 the	 atom	probe	 showed,	 throughout	 the	 entire	 oxide	 scale	 Ti	 segregates	primarily	 to	 grain	
boundaries	within	 the	Cr2O3	 scale	and	 to	 the	 rutile	phase	 located	on	 the	outer	 surface.	 The	deleterious	
effect	of	Ti	on	oxide	scale	thickness	appears	therefore	to	be	directly	correlated	to	outward	diffusion	of	Ti	







this	would	 require	 producing	 a	 new	 alloy	with	 identical	 conditions	 as	 RR1000	 but	without	 Ti.	 The	 scale	
growth	itself	was	not	included	in	the	calculations	nor	was	the	effect	of	multicomponent	diffusion	–	this	is	a	
challenging	problem	 in	 itself	 and	 it	 is	 beyond	 the	 scope	of	 this	 paper.	Note	however,	 that	 literature	on	
oxidation	modelling	is	largely	focused	on	oxygen	ingress	[28]	and	subsurface	elemental	depletion	[28,29],	











The	 relative	solubilities	of	Ti	were	based	on	 the	APT	measurements	 (Figure	2)	assuming	 thermodynamic	







gradient	 decreased.	 At	 peak	 flux,	 the	 thickening	 rate	 in	 the	 polycrystalline	 scale	 was	 3.77×10-12	 m	 s-1,	
adding	~	0.3	µm	of	rutile	in	24	hours.	In	contrast,	the	single-crystal	scale	would	be	practically	impermeable	
to	 Ti.	 The	 calculations	 results	 demonstrate	 that	 the	 outward	 Ti	 diffusion	 is	 almost	 entirely	 due	 to	 the	
presence	of	grain	boundaries.	
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